Photo double ionization of xenon in the vicinity of the threshold is investigated using high harmonics and a reaction microscope. Electron momentum and energy distributions, β-asymmetry parameters and momentum correlation are measured at 32.4 nm. The results agree with previous measurements where available. The advantages and limits of the method are discussed.
where the observation of non-linear processes is possible, albeit difficult. Two-XUV-photon single and double ionization of atoms in the gas phase has indeed been demonstrated in a few cases [10] . High-order harmonic generation is now well understood via a semiclassical theory [11] to grasp the single-atom response while tools for optimization, characterization and tailoring of the harmonic pulses [12] [13] [14] have been developed in the last few years.
The goal of the present work is to study PDI of atoms near the threshold by the way of a high harmonic XUV source and a reaction microscope [15] . More specifically, we aim at validating high harmonic generation and probing the limits of the microscope for this particular application. The choice of the target atom is restricted by the highest photon energy practically available from high harmonics. This high energy limit (the cut-off) is determined by the ionization potential of the generating atom and the intensity of the pump laser. The useful light intensity in turn is limited by the depletion of the generating medium ground state via ionization. The saturation intensity depends on the medium and the characteristics of the laser pulse. Argon is considered a good compromise between efficiency and cut-off photon energy. Although the argon cut-off is much higher, experience showed that with our setup, the harmonic order was limited to 27-29, i.e. to a photon energy of 41-44 eV (with a fundamental photon energy of 1.53 eV at 810 nm). Possible atomic targets for PDI are therefore xenon or krypton. Even for these heavy atoms the reaction microscope, which serves to detect the doubly charged ion and only one of the two electrons, still allows, within certain limits of resolution, for a complete momentum analysis of the two photoelectrons, thanks to momentum conservation. Here, we report angle-resolved photoelectron spectra collected in coincidence with doubly charged xenon ions (PEPICO) and extract the electron momentum correlation.
PDI can be direct or indirect. In direct PDI, both electrons are ejected 'simultaneously' in a highly correlated way after absorption of the XUV photon (γ , 2e):
Following the indirect pathway, first one electron is emitted after absorption of the photon and a second electron is promoted to an excited state of Xe + having an energy above the Xe double ionization threshold. This state then decays by autoionization to Xe 2+ :
Xe + γ → Xe + * + e, Xe + * → Xe 2+ + e.
Both pathways have been documented to contribute to the photoelectron spectra in xenon for photon energies close to that used here [5] . Momentum conservation
implies that the ion momentum p I is opposite to the sum of the two electron momenta p e 1 + p e 2 since the momentum of XUV photons is negligible. The possible ways for the two electrons to share momentum can be derived from energy conservation,
where E i is the excess energy of the XUV photon over the corresponding Xe 2+ final state i.
High harmonics were generated from 4.5 mJ, 45 fs laser pulses centred at 810 nm produced by a Ti:sapphire laser system at 1 kHz repetition rate (figure 1) [16] . The linearly polarized laser beam was focused slightly in front of a cylindrical argon gas cell (6 mm diameter) using a f = 1 m lens. Optimum high harmonic generation was achieved at ≈40 mbar Ar backing pressure and with an iris reducing the laser beam diameter to ≈18 mm. A monochromator (toroidal mirror and flat grating) was used to select a single harmonic. The toroidal mirror imaged the source point with magnification M = 1 into the target atomic beam in the reaction microscope, 2 m downstream from the harmonic source. We used the 25th harmonic at a wavelength of 32.4 nm (photon energy:hω = 38.3 eV). Estimated from the harmonic radiation spectral bandwidth, as determined from the photoelectron spectra, the harmonic pulse length ranged between 10 fs and 20 fs. It is however stretched through the time delay δ/c (where δ is the path difference and c the speed of light), introduced by the grating. Crosscorrelating the harmonic pulse with the known fundamental laser pulse via two-colour PDI of Xe yielded an XUV pulse width of 3.0 ± 0.5 ps in agreement with a broadening of 2.5 ps calculated using the grating characteristics and a reasonable estimate of the harmonic beam divergence.
The reaction microscope principle has been extensively described in the literature [15] . In brief, the high harmonic beam intersects a supersonic Xe atomic beam at 90
• (figure 1). Ions are extracted by a small electric field (3.3 V cm −1 ) pointing towards the detector (hereafter 'z-axis', coinciding with the laser beam polarization direction). After a field-free drift space, the ions hit a microchannel-plate detector equipped with a delay-line anode for position encoding. Measurement of the time-of-flight and the position on the detector allow the reconstruction of the full initial momentum vector the ion has after photoionization with a resolution of ≈0.1 au. This momentum is made up of the momentum of the atom in the beam and the ion recoil from photoionization. The thermal momentum spread in the beam perpendicular to the beam axis is ≈0.15 au. This gives rise to an overall resolution for the recoil momentum components perpendicular to the atomic beam axis of ≈0.3 au. The solid angle of ion detection is 4π .
The electrons are extracted by the same electric field (3.3 V cm −1 ) into the opposite direction where they are detected in a similar arrangement. One of the two electron momenta is recovered with a resolution of ≈0.02 au. A homogeneous magnetic field parallel to the electric field is applied over the whole electron flight path. It ensures a 4π collection. For purposes of calibration, the well-known electron energies corresponding to the Xe + 2 P 3/2 and 2 P 1/2 thresholds are used. The background pressure in the reaction microscope was 10 −7 mbar. The harmonic intensity and xenon density were chosen to keep the ionization well below one event per laser pulse in order to minimize false coincidences. Figure 2 shows the PDI photoelectron momentum distribution. The electron momentum component p z is plotted on the horizontal axis. The distribution function f is rotationally symmetric about the z-axis. It depends only on p z and | p ⊥ |, the norm of the projection of the momentum vector on the plane perpendicular to the z-axis (the vertical axis in figure 2 ). Thus, a distribution integrated over the azimuthal angle is given in the figure. f incorporates a phase space volume factor | p ⊥ |. Therefore, f approaches zero for | p ⊥ | → 0. The electron momentum distribution is confined in a circular region around zero momentum whose boundary radius of 0.62 au is fixed by the maximum PDI excess energy of 5.21 eV. It encompasses the kinetic energy spectrum and the angular distribution of the photoelectrons.
The former, obtained by integration over all emission angles, is shown in figure 3 . Based on [5] , it can be completely interpreted by considering the five final Xe 2+ states that are accessible after ejection of the two photoelectrons (5p 4 ) 3 P J =0,1,2 , 1 D 2 , 1 S 0 each giving rise to a specific excess energy E i (i = 1, . . . , 5). We assume that electrons emitted in a direct (γ , 2e) channel (1) share the excess energy E i randomly. An indication of such a behaviour is found in [5] . The kinetic energy distribution g d (E) of the photoelectrons can then be written as
a i determine the branching ratios into the different accessible final Xe 2+ ionic states, the square root is a phase space factor and the unit-step functions θ restrict each summand to the respective energetically accessible regime.
In the indirect PDI path, two steps are involved (2) . The kinetic energy of the autoionization electron depends only on the energy difference between the intermediate Xe + Rydberg state and the final Xe 2+ state and thus is not influenced by the bandwidth of the XUV radiation. The photoelectron kinetic energy, on the other hand, depends on the difference between the populated Xe + Rydberg state and the XUV photon energy. Based on [5] , it is possible to simulate the photoelectron spectrum. For direct PDI, we use the branching ratios of [5] , plug them into relation (5) and convolute with the XUV bandwidth and the spectrometer resolution. The indirect PDI channels are taken into account through the corresponding line strengths and positions from [5] convoluted with the spectrometer resolution for the autoionization contribution and additionally with the XUV bandwidth for the photoelectron contribution. Adding up all three contributions gives rise to the thin dotted line in figure 3 .
Autoionization of the populated Xe + Rydberg states is responsible for the structure observed in the spectrum below 2 eV. In that range, the spectrum calculated using the line strengths and the branching ratios for direct PDI (4.9 ( 3 P 2 ):1. [5] deviates from the measured one. A better agreement is found (thick solid line) by changing the branching ratios to 4:2:3:3.5:1.5, leaving the indirect line strengths untouched. The remaining slight discrepancy may be due to the excitation wavelength being different from that used in [5] . The autoionization contribution is given by the thick dotted line in figure 3 . The corresponding structure for the photoelectron (dashed line) is smeared out by the substantial bandwidth of the XUV radiation (≈710 meV). The photoelectron contributes to the high energy tail of the kinetic energy distribution. Direct PDI (dot-dashed line) predominates only in the centre region of the spectrum. The bandwidth of the XUV radiation of 710 ± 100 meV was actually found by analysing the PDI electron kinetic energy distribution.
Angular distributions as a function of the angle θ between the electron momentum and the direction of the light polarization, binned in θ = 4
• intervals, have been determined from the momentum distribution in figure 2 figure 4 . In (C), the photoelectron of indirect PDI through population of the Xe + Rydberg states (Xe 2+ ( 1 D) nd, n = 8, 9) and (Xe 2+ ( 1 S) 7d) is contributing most. Direct PDI only makes a small contribution and autoionization does not contribute at all. In (B), direct PDI predominates, together with a minor contribution from the photoelectron of the indirect PDI channel with, again, negligible contribution from autoionization. Here all but the 1 S 0 final Xe 2+ state are accessible after PDI. Finally, in (A), direct PDI and the autoionization part of indirect PDI contribute nearly equally (see figure 3 ). Corresponding to photoelectrons in interval (C), the main contribution here is from the decay of the autoionizing states Xe 2+ ( 1 D)nd (n = 8, 9) and Xe 2+ ( 1 S) 7d. They decay to the final Xe 2+ ( 3 P 2 ) ground state. For direct PDI, all final Xe 2+ (5p) 4 states are energetically accessible and contribute according to the corresponding branching ratios. The β-parameters which characterize angular distributions for photoionization are obtained from fitting dσ
to the data. In our case, βs are weighted averages over the energy intervals and the channels involved. The values are 0.27±0.02, 0.35±0.02 and 0.61±0.02 for the intervals (A), (B) and (C), respectively. The highest β is found for photoelectrons from the first step of indirect PDI. Extrapolating the β-parameters from range (B), containing electrons almost exclusively from direct PDI, to range (A), allows the extraction of an averageβ AI for the autoionization electrons from stepwise PDI. It turns out that the corresponding angular distribution is close to isotropic (β AI ≈ 0.16). β found for the energy region (C), where indirect ionization contributes most, is in good agreement with data from [17] for the lower members of the (5s) −1 satellites Xe 2+ ( 1 D) nd (n 7) and Xe 2+ ( 1 S) nd (n 7) below the PDI threshold. Within a limited resolution (0.31 au), the momentum along the z-axis of the second electron p e 2 z can be extracted from the measured Xe 2+ ion recoil momentum p I z and the detected electron momentum p e 1 z using momentum conservation [15] . In figure 5 , we show the corresponding correlation plot f p e 2 z , p e 1 z . It shows the experimental data symmetrized with respect to exchange of the two photoelectrons. This symmetrization eliminates completely a detection probability difference, inherent to the data acquisition, which favours the first electron arriving at the detector. A distinct deviation from circular symmetry is visible. The circle included in the plot marks the boundary of the phase space which is accessible to the two photoelectrons. It is reached for both electrons being emitted along the z-axis and Xe 2+ being formed in the 3 P 2 ground state. The radius of the circle (0.62 au) corresponds to a maximum excess energy of E max = 5.21 eV.
The energy conservation constraint on the final kinetic energy of the two photoelectrons through relation (4) enters the joint momentum distribution through the quadratic form p e 1 z 2 + p e 2 z 2 and therefore has a circular symmetry. Hence, the deviation of the observed momentum correlation from circular symmetry can be interpreted as a signature of a true correlation of the momenta of the two photoelectrons.
Cutting through the momentum correlation plot in figure 5 along the line p e 2 z = 0 (the upper white shaded strip in figure 5 ) shows that electron e 1 is emitted with a distribution symmetric with respect to inversion, as expected, since the momentum vector of electron e 2 is perpendicular to the z-axis. Cutting at p e 2 z between −0.4 au and −0.45 au (the lower white shaded strip) yields a momentum distribution for electron e 1 which obviously is no longer symmetric with respect to inversion. In this case, it is emitted preferentially with a positive momentum component along the z-axis. The electron angular correlation for Xe double ionization has been reported in [3] for a specific Xe 2+ final state ( 1 S e ) and direct PDI with equal energy sharing of the electrons. This detailed measurement showed that the electrons are preferentially emitted into opposite half spaces. We find a similar behaviour even in the less restrictive case that one does not differentiate between direct and indirect PDI for arbitrary energy sharing of the two emitted electrons.
We have reported a 'complete' experiment on photo double ionization of xenon using for the first time a high harmonic source and a reaction microscope. The harmonic source supplies easily the necessary count rate for a detailed final state analysis. The choice of target atoms is limited, due to the necessary compromise between conversion efficiency and photon energy (harmonic order). The reaction microscope, within a limited resolution, in the present case mainly due to the large xenon mass, has allowed the measurement of the momentum distribution of the photoelectrons. The derived energy spectra compare well to those obtained from a magnetic bottle spectrometer [5] . It was possible to extract the contributions of the different PDI channels to the kinetic energy distribution of the electrons. Averaged β-parameters have been extracted from the photoelectron angular distributions. For the photoelectron from the indirect PDI channel, β compares well with that of the corresponding xenon correlation satellites excited at a photon energy lower than the PDI threshold. Some hint of electron momentum correlation was obtained, which qualitatively agrees with much more resolved measurements of triply differential cross sections for direct PDI of xenon [18] . Our momentum correlation shows a significant back-to-back emission along the light beam polarization vector even for the much less restrictive situation where indirect PDI contributes to the momentum correlation. One of the possibilities offered by the setup, not discussed here, namely that of superposing the harmonics and the fundamental to study two-colour multiphoton double ionization processes, will be the subject of a forthcoming paper.
